A hallmark of quantum control is the ability to manipulate quantum emission at the nanoscale. Through scanning tunneling microscopy induced luminescence (STML) we are able to generate plasmonic light originating from inelastic tunneling processes that occur in a few-nanometer thick molecular film of C 60 deposited on Ag(111). Single photon emission, not of excitonic origin, occurs with a 1/e lifetime of a tenth of a nanosecond or less, as shown through Hanbury Brown and Twiss photon intensity interferometry. We have performed tight-binding calculations of the electronic structure for the combined Ag-C 60 -tip system and obtained good agreement with experiment. The tunneling happens through electric field induced split-off states below the C 60 LUMO band, which leads to a Coulomb
blockade effect and single photon emission. The use of split-off states is shown to be a general technique that has special relevance for narrowband materials with a large bandgap.
Introduction
Discrete electronic states split-off from Bloch bands have been of interest for decades 1 , and continue to be at the forefront of solid state research and development because of their intimate connection with point defects in materials, such as dopant atoms and color centers, which exhibit non-classical effects such as single photon emission. Their optoelectronic properties are well-described by solving the Schrödinger equation for a periodic potential with a local perturbation, with the perturbation depending on the material composition of the defect. Thus, exploring different ways to create and manipulate splitoff states are necessary in order to gain tunability beyond this materiality constraint 2, 3, 4 . Efforts in this direction include quantum dot nanostructures 5, 6 , but their optoelectronic properties depend on single exciton (electron-hole pair) decay 7 that is not easily modifiable 8 .
Thus, a concrete demonstration that single photon emission can be achieved without relying on internal molecular or quantum dot transitions is in order. To this end, we observe that the very origin of split-off states, the local perturbation, need not be materials-based, and in fact, can also be an external perturbation. This motivates using a nanometer tip of a scanning tunneling microscope (STM) as a local perturbation, in a system that can spotlight the principle of single photon emission in a more materialsindependent manner.
As a proxy for a generic semiconductor on a metallic substrate, we use a thin C 60 slab that couples weakly to a metal substrate. Using C 60 also has the advantage that its electronic structure is accurately represented by a simple model 9 , which enables us to rationalize the agreement we obtained between theory and experiment. The narrowness of the C 60 bands enables split-off states to be created 10 with the electric field of a tip by applying a sufficient bias voltage 11 . In analogy to having a point defect at the tip position, the split-off states tend to be approximately localized on the C 60 molecule directly beneath the tip, leading to a strong Coulomb repulsion between two electrons in split-off states. This leads to a Coulomb blockade of tunneling events whereby electrons are forced to tunnel one at a time.
Consequently, the photon emission via tip-induced plasmons also occurs one at a time 12 whenever it results from tunneling via such states 13 .
This phenomenon provides great flexibility and control over single photon emission because it involves electrons tunneling inelastically through a field induced split-off state. Because of the functional dependence of tunneling on tip-sample distance, the intensity or time scale of photon emission can be modified with exponential sensitivity. Moreover, whether or not split-off states are formed below the Fermi energy of the sample, ‫ܧ‬ ி ௌ , is directly controllable by the bias voltage, and is manifestly shown in our measurements. The recovery time of the Coulomb blockade is expected to be strongly influenced by the thickness of the molecular film 14 .
None of these methods of control or variability are available when photon emission is due to exciton decay rather than inelastic tunneling. Thus, the performance of this tip-induced quantum dot and single photon emitter in terms of recovery time, without any optimization, is already competitive with epitaxial quantum dot emitters 15 . This work highlights the important role of local electric fields in probe microscopies 16 , expands the variety of quantum states that can be made with C 60
17
, and indeed demonstrates the general significance of field-induced split-off states.
Results
The experiments are performed with an STM with optical access, shown schematically in Figure 1 . A voltage bias is applied across the junction formed between the tip and the C 60 -Ag(111) sample. The C 60 is in the form of a few-monolayer thick film 18, 19 . The tunnel current is fixed, and the light originating from tunneling processes is characterized. Its intensity correlation function g (2) (t) is measured with a photon intensity interferometer in a Hanbury Brown and Twiss configuration 20 and its optical spectrum is analyzed in a spectrograph. 21 The electronic structure of the system is studied theoretically using a tight-binding model of the five HOMO (h u ) and three LUMO (t 1u ) states on each C 60 molecule (see Supplementary Information). The molecules are arranged in laterally infinite layers as a (111) surface, taking into account orientational ordering with four different orientations. 22 The potential from the tip is described by introducing image charges, satisfying the boundary conditions at the tip and the Ag(111)-C 60 and C 60 -vacuum interfaces.
The electronic structure is calculated in a Green's function formalism, assuming that the tip potential affects only a few hundred molecules (see Supplementary Information) .
Experimentally, the emitted light spectrum is broad (Figure 2a ) and is a signature of plasmonic emission from inelastic scattering events in the tunnel junction. 23 g (2) (t) has a large correlation dip at t = 0 ( Figure  2b ) and satisfies g (2) (0) < g (2) (t) for all t > 0, unlike typical plasmonic emission where g (2) (t) is unity. Hence, the photon emission is antibunched. Based on a 2-particle Hilbert space argument, its dip intensity of 58% (i.e. g (2) (0) = 0.42) is consistent with imperfect single photon emission of at most [1-(1-2g (2) ) 1/2 ]/g (2) = 1.42 photons on average 24 . The antibunching lifetime is τ = 132 ps and reflects the tunneling of electrons from Ag(111) to the top C 60 layer. To our knowledge, this is the first demonstration of antibunched plasmonic emission attained in an STM by circumventing the limitations set by emitter lifetimes, whether exciton-based 25, 26, 27 or otherwise 28 .
The photon statistics can be understood by analyzing the behavior of the electronic states. Figure 3a shows the topography of a C 60 island. The cyan contours mark the terrace boundaries, with the labels indicating the terrace height in C 60 layers. Figure 3b shows the integrated photon emission efficiency It is not to be confused with any charge hysteresis in the system 30 . It is assigned to a LUMO-derived state which has been pulled out of the continuum and below ‫ܧ‬ ி ௌ by the electric field of the tip. We emphasize that this LUMO-derived state appears in experiment at negative rather than positive applied potentials 31 .
The controllability of the onset of light emission in the various C 60 layers is of particular interest. Figure   4a shows the topography of one series of terraces from Figure 3 . The thickness threshold at which luminescence occurs is lowered from the 4 th to the 2 nd layer by changing the bias from -2.86 V to -4 V as seen in Figures 4b and 4c . This effect is examined further by measuring tunneling spectra on the 4 th layer as a function of tip-sample distance. Figure 4d shows two resonances later assigned to split-off states from the LUMO band. As the tip-sample distance is increased, the bias has to be made more negative to observe the resonances 32 (Figure 4e ).
Comparison with Calculations
Consider four layers of C 60 on an ideal metal surface substrate and the projected density of states (DOS) at its topmost layer ( Figure 5 ), with particular focus on the LUMO DOS. It has band edges at 0.27 and 1.02 eV, with first moment 0.73 eV and is concentrated between 0.6 and 1.0 eV. Due to the strong image potential in the innermost layer, the DOS in this layer extends down to 0.27 eV. Orbital mixing between the innermost layer and the topmost layer then leads to the DOS of the topmost layer to have a small tail that extends down to 0.27 eV as well. There is band bending due to the laterally periodic image potential in the substrate, but not due to the localized tip-induced potential. When a small bias is applied with a tip (-0.68 V in Figure 5b ), the band edges stay fixed while the local DOS on the C 60 directly below the tip is depleted at the upper band edge and accumulates at the lower edge. This causes the first moment to move to a lower potential, in this case, towards ‫ܧ‬ ி ௌ (Figure 5a For a critical applied voltage U, discrete split-off states appear below the LUMO band edge. This critical U exists because any state in a band is at most half a bandwidth in energy away from one band edge.
Thus, a split-off state appears when the center of gravity of the DOS on the C 60 below the tip has moved slightly more than half the C 60 LUMO bandwidth. This effect is similar to split-off states caused by point impurities in semiconductors, and should not be confused with "band bending" in extended twodimensional layer systems. Here, the DOS is locally perturbed to the extent that it has little resemblance to the unperturbed DOS.
The split-off states in Figure 5c are localized on the C 60 molecule below the tip with some extension to the neighboring molecules. The figure shows how the first of a series of LUMO split-off states is formed just below ‫ܧ‬ ி ௌ for U = -3.33 V and 4 layers, and allows tunneling to the tip through these states. The tunneling contribution from the first split-off state explains the sharp resonance seen in Figure 3d for 4 and 5 ML C 60 . Figure 4d shows the experimental behavior of the first and second split-off states in detail, which correspond to the calculated split-off states with most of their weight in the three LUMO states on the C 60 molecule below the tip. Of the two split-off states, calculations reveal that the first has more weight because it is doubly degenerate. Note that HOMO split-off states are also present in Figure 5c .
These split-off states, and those of Figure 5d , are discussed later. Now we examine how the LUMO split-off state feature shifts as a function of tunneling parameters and layer thickness. Whenever an increased perturbation occurs across the C 60 film, extant split-off states will separate further from their parent continuum band. Figure 6a and Figure 6b shows the electrostatic potential for the case U = -3.33 V, fixed sample 33 and tip 34 work function, with varying C 60 film thickness and vacuum gap size. While the high relative permittivity of C 60 (ε bulk = 4.4 35 ) causes a large part of the potential drop to occur over vacuum, there is still a substantial drop over the C 60 film, whose magnitude increases with layer thickness (orange, green, red) and closer tip placement (blue). These behaviors also hold for positive U. Thus, in going from two to three layers, the set of split-off states below the HOMO band shift to lower potential, while those above the LUMO band shift to higher potential. Detailed calculations (see Figure 3d and Supplementary Information) reveal the first two split-off states at energies which are in rather good agreement with the applied biases in experiment. However, they also underestimate the energy splitting on the LUMO side possibly due to our neglect of the local crystal field that lowers the symmetry of the C 60 orbitals at the surface. Figure 4d . The approximate factor of 2 discrepancy is considered reasonable given the approximations used in the calculations. Further refinement may require approximations that move beyond a spherical tip geometry, and account for the orbital mixing between the Ag(111) substrate and C 60 . Because the theoretical model of the tip is sharper than a real tip, the calculations are expected to be biased in the direction of having a stronger electric field dependence. 36 
Discussion
We now discuss the Coulomb blockade that occurs when tunneling happens through a LUMO split-off state, and its relationship with the nonzero photon correlation dip shown in Figure 2b . Consider the DOS on the C 60 molecule below the tip for U = -3.33 V (Figure 5c , red curve), and the change when a LUMO split-off state is occupied by one electron (Figure 5d , blue curve). Since the DOS are mostly localized on the C 60 molecule below the tip, the associated Coulomb integrals are large. Thus, the electron occupancy just mentioned increases the electrostatic potential on the C 60 below the tip by 1.02 eV and shifts the main structure in the LUMO DOS by 1.14 eV. The electrostatic potential on the neighbors of the molecule is increased by 0.34 eV and the DOS is shifted correspondingly to higher energies. These changes prohibit the occupancy of any LUMO state by a second electron (Figure 5d , blue curve).
Although this implies that a perfect Coulomb blockade should occur, the photon correlation dip, g (2) (t = 0), is clearly above 0.
To account for g (2) Another possible reason for g (2) (t = 0) > 0 is that one tunneling electron can emit two photons 37 , which is found to be important, in particular, for large tip-sample distances. We expect this effect to be small here, both because the tip-sample distance is rather small and because the bias is not much larger than twice the lower limit of the detector sensitivity. If two photons are emitted, it is then rather unlikely that both are detected, since energy conservation then requires that both have approximately the energy |U|/2. 
Conclusions
We have shown that a local field induced quantum dot can be designed using a molecular film on a metallic substrate in an STM setup. This leads to a Coulomb blockade for tunneling charges and plasmonic photon antibunching. Here a C 60 -Ag(111) system was used, but we also discussed how other molecular characteristics could influence the emitter performance. This approach offers great flexibility, and in particular, an external bias can now regulate whether or not a Coulomb blockade occurs. In conventional quantum dots, the rate of photon emission is determined by the exciton lifetime, which is often hard to influence and much longer than 1 ns. Here, the explicit use of tunneling processes means that the rate has a sensitive exponential dependence on the tip-sample distance, and time scales shorter than 1 ns can be achieved if desired. The recovery time should also depend exponentially on the molecular layer thickness, which can be controllably varied with conventional epitaxial techniques. In summary, the significance of bypassing the use of excitons in single photon emission is that the rate of single photon production, or equivalently, the intensity, is no longer tied to the exciton lifetime. We anticipate future work to develop in these directions.
Methods
To make the samples, C 60 is vapor deposited onto Ag(111) from a Knudsen cell for 1 hour, with the sample temperature set between 213-253 K. This temperature range favors rough island growth, which then facilitates measuring the light emission as a function of layer thickness and STM parameters within a small rastered area. The resulting C 60 -Ag(111) topography and its characterization is shown in panels ad of Figure 3 . The Ag(111) surface itself was prepared with standard cycles of Ar + sputtering at 300 K followed by annealing at 900 K. 
Supplementary Information

Model
The C 60 film is described as a few (n) layers of C 60 molecules forming a (111) surface whose molecular positions and orientations are obtained from bulk crystalline C 60 1 . The film's electronic structure is based on a tight-binding parameterization of 4n molecules per unit cell volume that is periodically continued to form an infinite film parallel to the surface. The factor 4 accounts for the four different molecular orientations of C 60 that are the observed positions found to be frozen in at 4 K, the experimental temperature. One 2p orbital is placed on each C atom, pointing radially out from the molecule. The five HOMO (h u ) and three LUMO (t 1u ) frontier orbitals of each molecule are then constructed from these 2p orbitals. The hopping integrals between the 2p orbitals are parameterized by fitting them to DFT calculations 2 from which the hopping integrals between the HOMO and LUMO orbitals on different molecules as well as the potential energies of these orbitals are then calculated. This results in a very accurate representation of the LUMO DFT band structure. 2 The electronic structure calculation of the full film then involves (8 × 4n) by (8 x 4n) matrices. The factor 8 accounts for the h u and t 1u orbitals of C 60 .
Electrostatic effects are gradually added to the model, starting with the STM tip being absent. In this context the C 60 layer is treated as a homogeneous dielectric medium with a dielectric constant of ε=4.4 3 that rests on a perfect metal surface. The C 60 layer thickness is na/√3, where a is the C 60 lattice parameter and the factor 1/√3 is due to the crystal face being (111). The image charges due to an electron in the LUMO or a hole in the HOMO are now considered. An electron in the LUMO on molecule ݅ feels an image potential −ܷ image , while a hole in the HOMO feels the potential +ܷ image . The effect of the vacuum-C 60 and C 60 -metal interfaces are taken into account using image charges and the appropriate boundary conditions for these interfaces. Image charges are chosen such that the boundary conditions are satisfied for one surface at a time. This approach is iterated until the process converges and the boundary conditions are finally satisfied at both surfaces.
Finally, we take the tip into account. The tip is described as a sphere with radius R = 1 nm whose surface is a distance d away from the vacuum-C 60 interface. A charge ܳ = ܷ ௧ ܴ is added at the sphere's center to obtain the potential ܷ ௧ at the sphere's surface. Image charges are then introduced once again to restore the correct boundary conditions at the tip-vacuum, vacuum-C 60 , and C 60 -metal interfaces. The resulting potential at molecule ݅ is ܷ tip . Finally, we also include the image potential of an electron (in the LUMO)
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or a hole (in the HOMO) in the tip, obtaining slightly different tip potentials for electrons and holes.
ܷ image only depends on the layer index ݅, while ܷ tip also has a strong lateral dependence and is assumed to be localized to an area that would encompass about 100 C 60 molecules per layer.
The work function for a multilayer C 60 film on polycrystalline Ag is 4.68 eV 4 and for Au it is 5.26 eV. 5 These values are used to construct and approximate the potential between the C 60 -Ag(111) sample and the Au tip. The difference between these work functions is 0.58 eV. While this difference is sensitive to Ag atoms coating the Au tip during the experimental tip preparation, this effect is not taken into account because the qualitative features of the resulting calculations are relatively insensitive to this difference.
Thus, when the bias ܷ is applied, we simply require that ܷ ௧ = ܷ + 0.58 eV.
The tight-binding band gap of C 60 is 2.24 eV, reasonably close to the experimental result 2.3 eV. 6 We have then applied a small correction to the C 60 HOMO band, ΔE g = - The resulting Hamiltonian is then ‫ܪ‬ = ‫ܪ‬ + ܷ with
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Here 
We assume that the tip potential is non-negligible over ܰ pert molecules. Thus, the equations describing ‫ܩ‬ ఔఔ ᇲ ሺߝሻ involves ൫8ܰ pert ൯ × ൫8ܰ pert ൯ matrices, where the factor 8 again originates from the frontier orbitals of C 60 . The density of states (DOS), ܰ ఔ ሺߝሻ, projected on an orbital ݅ߥ is then
where 0 ା is an infinitesimal positive quantity. The DOS has contributions both inside the C 60 HOMO and LUMO bands as well as from split-off states outside of these bands.
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Electronic structure
Supplementary Figure 1 . Calculated total density of states for two and three C 60 layers at the labeled bias values U and tip distance d = 0.4 nm. The filled and unfilled curves represent the density of states at the onset bias U where tunneling through the first (#1) and second (#2) split-off state is possible, with the specific threshold U values indicated beside the arrows. The voltage differences between the two split-off states for each calculated system are indicated with double arrows. All features are broadened with a FWHM Lorentzian of 0.02 eV.
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Supplementary Figure 1 shows the electronic structure of the HOMO and LUMO bands for two and three C 60 layers. These structures were calculated for values of ܷ for which tunneling from a new splitoff state or narrow resonance becomes possible. As a specific example, in order to tunnel through the first HOMO split-off state for 3 layers of C 60 , an applied bias of -2.60 V is required. The curve that is labeled with "#1: -2.60" corresponds to the calculated density of states for an applied bias of -2.60 V.
These values of ܷ then correspond to structures in the ‫ܷ݀/ܫ݀‬ curves in Figure 3d . The positions of the structures agree well with experiment, except that the splitting between the peaks in the LUMO (and perhaps the HOMO) is too small compared with experiment (see Figure 3d in main text). This could be due to the neglect of crystal-field splittings in the model, specifically, the splitting of the t 1u and h u states due to the presence of a surface, and the applied potential having a different effect on each orbital because they are oriented differently with respect to the tip and surface. In addition, the tunneling matrix elements may coincidentally cause some features to be obscured during measurements. Figure 5 at small bias As stated in the main text: "When a small bias is applied with a tip (-0.68 V in Figure 5b ), the band edges stay fixed while the local DOS on the C 60 directly below the tip is depleted at the upper band edge and accumulates at the lower edge. This causes the first moment to move to a lower potential, in this case, towards ‫ܧ‬ ி ௌ (Figure 5a-b ). This is due to the combined effects of the electrostatic and image potentials from the tip."
Qualitative behavior of HOMO and LUMO States in
For the HOMO these contributions have opposite signs which happen to shift the HOMO slightly upwards.
The absolute energy shift of the density of states depends on both the electrostatic potential and the image potential, and their relative magnitudes. For Ag(111)-C 60 it is the case that the HOMO DOS shifts positively in energy, in an opposite direction to the small negatively applied bias of -0.68 V. 
